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Abstract23

Carbon efflux from soils is the largest terrestrial carbon source to24

the atmosphere, yet it remains one of the most uncertain fluxes in25

the Earth’s carbon budget. A dominant component of this flux is26

heterotrophic respiration, influenced by several environmental factors,27

most notably soil temperature and moisture. We developed a mech-28

anistic model from micro to global scale to explore how changes in29

soil water content and temperature affect soil heterotrophic respi-30

ration. Simulations, laboratory measurements, and field observations31

1



Springer Nature 2022 LATEX template

2 Global warming accelerates soil heterotrophic respiration

validate the new approach. Estimates from the model show that het-32

erotrophic respiration has been increasing since the 1980s at a rate33

of about 1.7% per decade globally. Using future projections of surface34

temperature and soil moisture, the model predicts a global increase35

of about 40% in heterotrophic respiration by the end of the century36

under the worst-case emission scenario, which is driven principally37

by the reduction of soil moisture rather than temperature increase.38

Keywords: Soil heterotrophic respiration, carbon cycle, soil micro-scale39

processes, global warming, soil-climate respiration model, past and future soil40

respiration trends41

1 Introduction42

Rising atmospheric carbon dioxide (CO2) concentration is one of the primary43

contributors to global warming [1]. Within the terrestrial carbon cycle, soil44

respiration, the emission of CO2 through root (autotrophic) and microbial45

(heterotrophic) respiration, is the largest carbon efflux into the atmosphere46

[1, 2]. Therefore, reliable quantification of how soil respiration may be affected47

by climate change is critical for predicting future atmospheric CO2 concentra-48

tions. Although terrestrial carbon fluxes play a key role in the global carbon49

budget, their current estimates are highly uncertain [3–5]. Soil carbon fluxes50

are dependent on complex interactions between biological, chemical, and phys-51

ical processes, played out under fluctuating and heterogeneous environmental52

conditions, making them difficult to measure and model.53

Soils play a vital role in transferring, buffering, filtering, and accumulating54

carbon at the interface between the atmosphere, biosphere, and lithosphere.55

For example, soils contain about three times as much carbon (1500–2400 PgC,56

1 Pg = 1015 g) as the atmosphere (600–800 PgC) or the Earth’s vegetation57

(450–650 PgC) [1, 6]. Roughly a quarter of atmospheric CO2 originates from58

soils [7], which is five times more than anthropogenic CO2 emissions [8]. Soil59

heterotrophic respiration (HR) is one of the primary mechanisms through60

which terrestrial ecosystems release CO2 into the atmosphere, and its relative61

contribution has been observed to gradually increase over the past two decades62

[9]. HR varies over a wide range of time scales (e.g., daily fluctuations and63

seasonal cycles), and is principally controlled by two climatic variables: soil64

temperature and moisture [8]. While the soil temperature is positively corre-65

lated with HR [10, 11], soil moisture shows a non-monotonic relationship [12].66

Low soil moisture content reduces HR rates by limiting solute flux due to poor67

water connectivity in the pores. High moisture content reduces HR by limiting68

oxygen (O2) supply from the atmosphere due to the weak diffusivity of O2 in69

water relative to gas. As a result, the response of HR to soil water saturation70

shows a bell-shaped response curve, with optimal conditions for respiration at71

intermediate soil moisture content.72



Springer Nature 2022 LATEX template

Global warming accelerates soil heterotrophic respiration 3

Modelling HR rates based on soil temperature and moisture is challenging73

due to the many interacting processes that are controlled by these variables74

[8, 13]. Consequently, most modelling efforts to quantify changes in HR rates75

as a function of temperature and moisture employ empirical parameterizations76

using macro-scale (bulk) properties of the soil (e.g., [14, 15]) or empirical fits77

using a variety of function shapes (e.g., [13, 16, 17]). These parameterizations78

often have no direct connection to biophysical processes, and are site dependent79

rather than universal laws [13].80

Here, we provide a mechanistic perspective on soil HR built upon pore-81

scale processes at the grain interface where microbial communities reside (see82

inset of Fig. 1 as representation), and link this to global-scale patterns and83

future trends. We first quantified soil HR starting from the pore (micro)84

scale, integrating parameters that are biological (e.g., microbial respiration85

and production of CO2), chemical (reaction processes), and physical (trans-86

port mechanisms and soil texture). Subsequently, we upscaled the pore-scale87

HR relations by defining scaling laws from pores to water patches using per-88

colation theory [18], which allows us to make predictions of HR fluxes for89

larger (continuum) scales while maintaining the biophysical representation of90

the pore scale. Then, considering soil temperature and moisture variation in91

space and time, we show that the model yields estimates of recent trends in92

soil HR rates at the global scale that are in line with observations. Finally, we93

use this mechanistic model to simulate how soil HR might change under the94

worst-case future climate scenario from CMIP6 climate change experiments.95

2 Results96

2.1 Soil heterotrophic respiration at the pore scale97

To quantify the non-linear relationship between HR and soil moisture content98

[12], which is considered to be the most uncertain parameter when estimating99

soil HR [13], we started by performing pore-scale numerical simulations using100

an image-based percolation algorithm, to obtain the air–water distribution in101

the soil matrix under different saturation degrees [19] (Methods and Extended102

data Fig. 1a). Different soil configurations were examined by changing the103

characteristic grain diameter λc. The soil configurations were generated using104

a random distribution of circular grains with radius λc.105

Based on the air–water distribution in the soil from the percolation simula-106

tions (Extended data Fig. 1b), reactive transport simulations were computed107

on the 2D pore-scale domains [20] (Methods and Fig. 1) to quantify the108

response of HR to soil saturation degree (θ̃ = θ/θs, where θs is the mois-109

ture capacity of the porous media). In these simulations, other environmental110

conditions (e.g., ambient temperature and reaction parameters) were kept con-111

stant (Extended data Table 1). The inset in Fig. 2a shows the model output,112

revealing the expected non-monotonic relationship between θ̃ and mean soil113

HR, R̃h =
∫

Ω
Rh

Vm
dΩ, where Rh is the local respiration [mol m−2 s−1], Vm is114

the maximum respiration rate [mol m−2 s−1] from the surface of grains, and Ω115
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is the length of the solid–liquid interface [m]. As expected, R̃h increases as the116

characteristic grain size (λc) decreases, due to the increase in the surface area.117

Fig. 1: Schematic of the reactive transport model at the pore-scale. O2(g) dif-
fuses from the atmosphere (gas phase) and is dissolved to the liquid phase
(O2(aq)) according to Henry’s law. Simultaneously, dissolved organic carbon
(DOC) is released from soil organic matter (OM). In the presence of both
O2(aq) and DOC, aerobic heterotrophic respiration occurs at the interface
between the aqueous phase (blue) and the surface of soil grains (brown) by
attached microbes (biofilms). As a result, CO2(aq) is released to the water
and to the atmosphere CO2(g). In the inset, a scanning electron microscope
image shows a cluster of bacteria (greenish colored) around a micrometer root
(brown); false coloring was applied for illustration purposes.

To make the connection between pores and continuum (bulk) scale pro-118

cesses, we examine the flux R̃h as a function of the number of water patches119

[21] in the domain Nc and the mean characteristic size of those water patches120

Sc, both dependent on saturation degree θ̃. Simulations show that there is a121

characteristic scaling relation R̃h/Nc ∼ S0.5
c , which indicates a proportionality122

between the respiration rate within a single water patch and its size (dots in123

Fig. 2a).124

From the scaling laws of percolation theory [18], we derive the characteristic125

number (Nc) and sizes (Sc) of water patches within the domain [21], for differ-126

ent water saturation degrees (see Methods). The resulting theoretical relations127
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Fig. 2: (a) Simulated mean heterotrophic respiration rate per water patch
(R̃h/Nc) as a function of the water patch characteristic size (Sc). The inset
shows the non-monotonic relationship between the mean soil HR (R̃h) and soil
saturation (θ̃), for different grain sizes λc. The error bars represent the standard
deviation of 20 realizations. (b) Dimensionless heterotrophic respiration at
the scale of a single water patch as a function of β, for different α values
(Methods, Eq. 7). The solid lines represent the analytical solutions (Methods)
for the limiting cases; u is the dimensionless substrate concentration. Insets
show the spatial distribution of the reaction within a water patch (α = 0.1),
for β = 0.1 (left inset) and β = 1000 (right inset). The colorbar represent the
dimensionless respiration rate at logarithmic scale.

of Nc and Sc to θ̃ at the continuum scale (Eqs. 2, 3 in Methods) were com-128

pared successfully against the results from numerical percolation simulations,129

and are shown in Extended Data Fig. 2a,b. In addition, to further validate130

Eqs. 2 and 3, we conducted laboratory drainage experiments using microflu-131

idic chips with different grain sizes λc, in which we compared simulated and132

observed water patch properties (Methods and Extended Data Fig. 2c,d).133

2.2 Soil heterotrophic respiration at the patch scale134

Following the results of pore-scale simulations in Fig. 2a, which demonstrate135

the basic relation between water patch size (Sc) and respiration rate, we136

can now generalize the problem to account for variation in environmental137

conditions (i.e., soil texture, temperature, substrate concentration, diffusion138

and reaction parameters) by formulating a steady-state Diffusion Reaction139

Equation (DRE) at the scale of a single water patch. The mathematical for-140

mulation is based on three general assumptions: (i) the reactive volume can be141

treated as homogeneous within the water patch and proportional to the grain142
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surface area, (ii) the substrate (dissolved organic carbon) concentration is uni-143

formly distributed within the water patch, and (iii) at steady state conditions,144

microbial activity is proportional to the substrate fluxes.145

In non-dimensional form, with symmetrical and spherical coordinates, the146

DRE can be written as (see Methods for the mathematical development),147

d2u

dχ2
+

2

χ

du

dχ
=

βu

u+ α
, (1)

where u is the normalized oxygen concentration, β and α account for the148

biophysical parameters of the soil, solute, reaction, and characteristic water149

patch (Methods Eq. 6), and χ is the normalized spatial coordinate. An ana-150

lytical solution for Eq. 1 is not available, except for limiting cases (α << u151

or α >> u). We can, however, solve Eq. 1 numerically, to obtain the (non-152

dimensional) total respiration rate as a function of β for example, for different153

α values for a characteristic water patch (dots in Fig. 2b). To examine the154

validity of Eq. 1, we compare it with the results from the 2D numerical reac-155

tive transport simulations (Fig. 2a). The solid black line in Fig. 2a represents156

the numerical solution of Eq. 1 for λc = 1 [mm].157

Numerical solution of Eq. 1 reveals the effect of β on HR at water patch158

scale for different α values (dots in Fig. 2b). High β values are associated159

with large water patches (i.e., high θ̃), porous media with high surface area160

(i.e, small λc), small diffusion coefficient (e.g., at low temperature) and high161

reaction rates. As a consequence, at high β, the local reaction rate within a162

water patch shows spatial variability, where dissolved O2 is rapidly consumed163

at the surface of the patch and does not penetrate into the patch’s interior164

(Fig. 2b right inset, β = 1000). On the other hand, at low β values, reaction165

production is uniform in space (Fig. 2b left inset, β = 0.1), and there is no O2166

limitation within the water patch. In general, as the values of α decrease and167

β increase, more respiration (i.e., CO2 efflux) takes place in the water patch;168

for more details see Methods.169

To test our modelling framework, we compared the simulated and observed170

HR rates with published laboratory and field measurements demonstrating the171

dependence on soil saturation [22, 23] and temperature [24, 25]. To define the172

soil parameters for these comparisons, the reported soil texture was used to173

estimate λc [26] and porosity φ. Other parameters (e.g., diffusion coefficient,174

oxygen concentration) were derived using the temperature conditions, while175

the substrate (DOC) concentration was assumed saturated with respect to176

Michaelis–Menten kinetics. Despite the considerable experimental scatter and177

the uncertainties inherent in initializing some of the model parameters, the178

observations and model outputs were in good agreement (Extended data Fig.179

3a,b).180

2.3 Soil heterotrophic respiration at global scale181

To validate the predictions from our model for various climatic locations, we182

compare the results with the global soil respiration database [27] (Extended183
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Data Fig. 3c). To estimate the model parameters (Eqs. 6, 7), we used global184

databases (at a spatial resolution of 0.25◦ and at monthly intervals) to char-185

acterize the soil temperature and saturation degree [28], soil texture [29], and186

dissolved organic carbon concentration [30] (for more details see Methods and187

Extended Data Fig. 5). We computed soil HR at monthly resolution, and aggre-188

gated the values to obtain a mean annual HR representing the time period189

of each observation. Despite large uncertainties in the global climatic and soil190

databases, the results from our model are in good agreement (RMSE = 0.018).191

The globally simulated top soil (0–10 cm depth) annual HR is presented192

in Fig. 3a. We find that the average global HR rate from the topsoil layer is193

∼ 282 gC m−2 yr−1, which is consistent with previous estimates [5, 31, 32]194

and represents approximately 70% of current estimates of the total soil HR195

respiration (about 42 PgC yr−1). This highlights the dominant contribution196

of the topsoil to soil HR resulting from the fact that this layer is usually197

under semi-saturated water conditions, at a higher temperature than deeper198

soil layers, rich in soil organic material, and abundant heterotrophic organisms.199

Fig. 3: (a) Global map of simulated mean annual soil HR rate (for year
2021); colour bar in logarithmic scale (log10(HR), where HR units are gC
m−2 yr−1). White regions represent aquatic environments or missing data.
(b) Temporal trend in soil HR over the period 1948–2021; colours represent
different latitudinal climatic regions. The black line is a linear fit to the global
data (with shading indicating the 95% confidence interval for the fit), and the
cyan line is the fit for the Arctic zone.

2.4 Present and future trends in soil heterotrophic200

respiration201

In light of current trends in surface temperature and soil moisture [1, 33], and202

the fact that these two are the main factors controlling soil respiration [8], we203

estimate the temporal evolution of soil HR over the last 73 years (1948–2021)204

based on these two climatic variables from the Global Land Data Assimilation205

System database [28] (Fig. 3b). Data for each geographical zone and the global206
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value are normalized by the mean soil HR from 1948 to 1980. A statistically207

significant trend (p < 0.01; Mann–Kendall test) is seen from 1980 onwards,208

where soil HR shows an average global increase of 0.17% ± 0.05% each year.209

This is equivalent to an average increase of around 7 gC m−2 per decade.210

Similar trends are found for all geographical zones except the Arctic, where211

model output suggests a greater increase of 0.32% ± 0.11% annually. These212

findings are in agreement with field observations for 1989–2008 [27] and with213

remote sensing data for 2000–2014 [34] of the overall soil respiration.214

The global trend estimated by our model is roughly 1.5 times higher than215

previous estimates computed using a machine learning algorithm [35] (based216

on the SRDB database [27], with low temporal resolution and for the entire217

soil column. The topsoil layer is an interface to the atmosphere and thus is218

more sensitive to environmental feedback and changes. Hence, the discrep-219

ancy between the two models, which use different approaches (mechanistic220

and data-driven) and soil layers, falls within reasonable limits. In the Arctic221

zone, although the change in HR is already meaningfully higher than in the222

other geographical regions (∼ ×2), soil HR shows highly scattered values (Fig.223

3b). This is due to extreme fluctuations between seasons in the Arctic; as an224

example, in 2010, due to the extremely hot summer [36], the model indicates a225

15% increase in soil HR compared to the baseline. As these fluctuations have226

become more frequent in the last decade (Fig. 3b, 2010 onwards), soil HR in227

the Arctic might increase considerably faster than 0.32% per year.228

Finally, to predict potential future trends, we used data from 10 Earth229

System Models (Coupled Model Intercomparison Project phase 6, CMIP6 [37],230

resolution of 1◦ and monthly) to assess how changes in surface temperature231

and soil moisture might affect the evolution of soil HR until the end of the232

century (Fig. 4a). We employ the worst-case greenhouse gas emission scenario233

(SSP5-8.5 scenario) as an upper limit for future projections of soil HR. On234

this basis, the model predicts a dramatic increase in soil HR emission in all235

geographical zones (∼40%), with a much greater increase in the Arctic zone236

(∼ 100% increase by 2100).237
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Fig. 4: (a) Future projections of soil HR based on our model, for different
geographical regions. Points represent HR estimates based on the ensemble
average of ten CMIP6 climate models (SSP5-8.5), which were used to initial-
ize the model parameters of surface temperature and soil moisture; climate
model uncertainty is represented as minimum and maximum estimates of soil
HR among the ensemble (shaded areas). (b) Surface map of soil HR (log10
scale) as a function of the soil moisture (θ̃) and surface temperature (T ). The
model was parameterized under the average global conditions of soil grain size
and substrate concentration. The large point for each geographical zone corre-
sponds to its current state in 2021, with symbol size representing the relative
contribution to global soil HR (Tropical 67%, Subtropical 23%, Temperate
10% and Arctic 0.1%). Projected annual changes in soil moisture and surface
temperature are indicated by small points; the variance between the climatic
models is represented by the error-bars along each trajectory. The symbol ×
at the end of each trajectory represents the predicted variable values at the
end of the century. The dashed purple line indicates the peak of the HR.

To better understand the mechanisms underlying the HR predicted trends,238

we computed and displayed the projected soil HR as a function of the surface239

temperature and soil saturation (Fig. 4b). All geographical zones are predicted240

to experience a strong increase in surface temperature and a moderate decrease241

in saturation (Fig. 4b); this is predicted to result in a strong increase in the soil242

HR rate (percentage values within Fig. 4b). The increase of surface tempera-243

ture and decrease of soil moisture cause the soil HR to increase in parallel with244

the surface maximal gradient, which leads to a (near) maximal rate-of-change245

in the tropical and temperate zones — and also globally. Notably, some of the246

geographical zones are in the vicinity of the maximum HR potential (purple247

dashed line) based on their mean temperature and soil moisture (most clearly248

the tropical and temperate zones). This might suggest an adjustment of the249

soil microbial activity to maximum production in these zones. Changes in soil250

HR in all geographical zones except the Arctic show an increase of 38–48%251
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by the end of the century (Fig. 4b). The Arctic zone occupies a unique place252

on this surface. While current observations reveal a considerable increase in253

surface temperature but little change in soil moisture, climate models project254

instead a future decrease in soil moisture, which results in a sharp increase in255

the predicted soil HR by > 100%. This strong increase stems from the curva-256

ture of the HR surface at the Arctic location, where the maximum change is257

oriented upwards and to the left on the surface. The model response surface258

indicates that a reduction in soil moisture, in all zones except in the Arctic,259

will lead to a reduction in soil HR.260

3 Discussion261

We have presented a biophysical model to estimate soil heterotrophic respi-262

ration from climatic data. The principal innovation of our approach is the263

mechanistic perspective on soil HR from pore to global scales, in the absence264

of any empirical parameters, which enables robust quantification of current265

HR rates and future trends. The simplicity of the model is encapsulated by266

the two variables, α and β (Methods Eq. 6), that control the respiration rate267

at the scale of a single water patch (Fig. 2b). Moreover, as the value of α is268

strictly limited (0.01 < α < 0.5) for aerobic respiration, it is mainly β that269

controls the reaction rate within a single patch (Extended Data Fig. 4b). We270

validated the model against controlled laboratory measurements, and against271

field observations, and find a good agreement with the predictions (Extended272

Data Fig. 3).273

A fundamental assumption of the model is that the ambient conditions274

control microbial functioning [38], despite the taxonomic diversity of microbes275

on Earth [39, 40]. This assumption is supported by the relative importance276

of β over α (Fig. 2b) in determining HR rate at the single patch level, as277

β characterizes the environmental conditions while α accounts for microbial278

activity.279

As demonstrated by the global-scale analysis (Fig. 3b), HR from the topsoil280

layer is increasing globally at a rate of about 1.7% per decade (equivalent to281

an increase of about 0.9 PgC per decade). This trend is similar in all geograph-282

ical locations, except for the Arctic zone, where the rate is almost double the283

global mean (3.2% per decade). Based on projections of changes in soil tem-284

perature and moisture obtained from climate models, we demonstrated that285

future trends indicate a gradual increase in annual soil HR rate until the end286

of the century (5% per decade), with a greater increase (14% per decade) in287

the Arctic zone (Fig. 4a). Within the Arctic zone, unlike other climatic zones,288

the change in soil HR is principally driven by a projected reduction in soil289

moisture rather than by the increase in temperature (Fig. 4b). According to290

current observations, the soil moisture content in the Arctic does not yet show291

a negative trend and remains on average close to saturation. The increase in292

soil respiration in the Arctic over the last four decades (Fig. 3b) is thus still293
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mainly due to increasing surface temperature, and the onset of declining soil294

moisture may represent a tipping point.295

Our model does not take into account temporal changes in dissolved organic296

carbon concentrations in the soil, as supported by observations [41],; in con-297

trast, we consider the temporal changes in soil water content and temperature298

as an indicator of the availability of dissolved organic carbon for heterotrophic299

respiration. The modelled temporal trends of soil HR, which are consistent with300

observations [5, 31, 32], imply that surface temperature and soil moisture are301

the main controls of the HR rate and, thus, the availability of dissolved organic302

carbon. At large time scales, carbon efflux cannot exceed the carbon influx by303

Gross Primary Production. The ratio between HR and autotrophic respiration304

has increased over the past three decades [9]. Those two facts, together with305

the predicted HR increase, are a manifestation of the non-equilibrium condi-306

tions of the terrestrial ecosystem, where HR, at short time scales (i.e., up to307

hundreds of years), is independent of Gross Primary Production, eventually308

leading to a loss of the soil carbon stocks [42, 43]. How future changes in the309

Earth’s climatic environment will affect the terrestrial carbon cycle is one of310

the primary concerns of the 21st century, and this study sheds light on one of311

its primary mechanisms.312
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4 Methods556

4.1 Image-based invasion percolation algorithm557

An image-based invasion percolation algorithm [19, 44] was used to simulate558

the water spatial distribution at different saturation degrees (θ̃) for different559

porous medium configurations. The porous materials were generated using560

randomly distributed grains of a uniform diameter (λc) within the domain (20561

realizations for each λc); each porous medium system had overall dimensions562

of 3 cm (width) × 2.25 cm (height), and a porosity of 0.5. Initially, the domain563

is filled with water, and during the invasion percolation process, the air is564

entering from the upper boundary of the system and invades the liquid phase,565

following the capillary entry conditions at the air–water interface. At the end566

of the simulations, the percolation clusters (Extended Data Fig. 1a) and thus567

the distribution of water patches within the domain (Extended Data Fig. 1b)568

is obtained at different saturation degrees. Note that even though we used a569

uniform grain size for each realization, the resulting simulated porous media570

are highly heterogeneous in their pore size distributions (see inset in Extended571

Data Fig. 1b as an example). For more details see [44].572

4.1.1 Estimating water patch proportionalities from573

percolation theory574

From percolation theory, we expect that the size distribution of water575

patches n(s) in the domain follows a general proportionality [18], n(s) =576

s−τ exp(−s/ξ), where s is the water patch size, τ is the Fisher exponent, which577

depends on the dimensionality of the system, and ξ is a cut-off parameter,578

which depends on the porous medium properties and the saturation degree [21].579

From this definition of n(s), we calculate the characteristic number of patches580

in the domain using the mean of the distribution function, Nc =
∫ 1

0
n(s̃)ds̃581

(where s̃ = s/θs), which yields Nc =
(

1
ξ

)τ−1

Γ(1 − τ) − Eτ

(

1
ξ

)

, where Γ is582

the gamma function and Eτ is the exponential integral function. From mass583

conservation, the characteristic patch size is584

Sc = θ̃/Nc. (2)

From percolation simulations, the value of ξ is found to depend on θ̃ as
ξ = γ(1− θ̃), with γ = 100. Finally, to account for the total number of water

patches in the domain of length scale L, Nc is normalized by N0 =
(

L
λc

)d(1−θ̃)

[21], to yield

Nc(θ̃, λc) ≈ N0(θ̃, λc)

(

1

ξ(θ̃)

)τ−1

Γ(1− τ)− Eτ

(

1

ξ(θ̃)

)

, (3)

where d is the dimensionality (d = 2 for the numerical simulations). According585

to this formulation, under fully saturated conditions (θ̃ = 1), Nc = 1 (thus586
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a single water cluster) and the characteristic patch Sc has the size of the587

entire system voids. The resulting theoretical relations of Nc and Sc to θ̃ at588

the continuum scale (Eqs. 2–3) are shown in Extended Data Fig. 2a and b,589

respectively, and compared to the numerical percolation simulations.590

4.2 Microfluidic experiments591

To support the relationships between water patch properties and soil sat-592

uration degree (Eqs. 2,3) obtained from percolation theory, we performed593

microfluidic experiments. Microfluidic chips were fabricated using soft lithog-594

raphy [45]. Each chip had overall dimensions 5 cm × 5 cm × 0.005 cm. Similar595

to the numerical simulations (Methods), the solid phase was generated by ran-596

domly distributing circular objects (”grains”) with diameter λc mm. To mimic597

the invasion percolation algorithm, the microfluidic chips were placed with a598

long axis vertical and saturated with water (dyed with fluorescein solution of599

0.01 mM) as initial condition. The upper side of each chip was open to the600

atmosphere, and the lower side was open for drainage. The air and water phases601

were monitored during the drainage process using a CCD camera (Ximea, Ger-602

many), and the relationship between the number and size of water patches and603

the saturation degree was obtained by image analysis (Extended Data Fig. 2).604

The divergence of the experimental data (Extended Data Fig. 2) from605

theory observed at very low saturation conditions is expected (as θ̃ → 0, also606

Nc → 0), because the relations in Eqs. 2–3 are derived at the percolation607

threshold [18] and therefore cannot account for the limiting cases of very high608

and very low saturation conditions. However, for the range of expected soil609

saturation levels in natural soils, the theoretical relations fit the laboratory610

data very well.611

4.3 Numerical simulations of the two-phase612

reaction–diffusion equation in porous media613

Based on the water–air spatial distribution from the invasion–percolation sim-614

ulations, finite-element simulations of the diffusion–reaction equation were615

performed [20].616

Within the system, two phases are considered, the (air) invading phase, Φa

and the (water) depending phase, Φw. Chemical components (i.e., O2, CO2

and dissolved organic carbon, Cs) are transported solely by diffusion, where
each component has a phase-dependent diffusion coefficient. Surface reactions
(Michaelis–Menten kinetics) take place on the perimeter of solid grains [46] in
Φw, with rate

Rsurf = Vm

Cs

Cs +Km(s)

CO2

CO2 +Km(O2)
, (4)

where Vm is the maximum local rate of HR reaction [mol s−1m−2], CO2 is617

the dissolved oxygen concentration, Cs is the substrate concentration and618

Km(s) and Km(O2) are the Michaelis constants of the substrate and oxygen,619

respectively. At the interface of the two phases, mass transfer of chemicals620
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is simulated by Henry’s Law [47]. A fixed atmospheric concentration (C0O2
)621

was set as the upper boundary condition for oxygen, while the other exter-622

nal boundaries were treated as open for all species. At the perimeter of the623

solid grains in Φw phase, a constant dissolved organic carbon concentration624

(C0DOC) was set, to describe the organic matter (OM) degradation to dis-625

solved organic carbon (Cs). Then, Cs is transported by diffusion and reacts626

with dissolved oxygen, CO2
species, to produce dissolved CO2 (Eq. 4). 20627

realizations were performed for each value of λc. The parameters used in the628

numerical simulations are given in Extended Data Table 1.629

4.4 Reaction–diffusion equation at the continuum scale630

for a single water patch631

For a single water patch, the dissolved oxygen concentration (CO2
) can be

derived by solving the steady-state diffusion–reaction equation (DRE). Assum-
ing that water patches can be approximated by a spherical shape, the DRE
can be written as

Dm

(

d2CO2

dr2
+

2

r

dCO2

dr

)

=
3φVm

λc

Cs

Cs +Km(s)

CO2

CO2
+Km(O2)

, (5)

where Dm [m2 s−1] is the molecular diffusion coefficient of dissolved oxygen in
water, φ is the medium porosity and r is the radial distance. The term 3φ

λc
is

the specific surface area [m2 m−3], obtained by assuming spherical grains as
the soil particles. By defining the following dimensionless parameters,

u =
CO2

C0
; χ =

r

r0
; α =

Km(O2)

C0
; β =

3VmφCsr
2
0

DmλcC0(Cs +Km(s))
, (6)

we can rewrite Eq. 5 as

d2u

dχ2
+

2

χ

du

dχ
=

βu

u+ α
. (7)

Implementing boundary conditions u(1) = 1 and u′(0) = 0, Eq. 5 can be632

solved analytically for the limiting cases633

u(χ) =































1
6β

(

χ2
− 1

)

+ 1; if α << u

e
−

√

β(χ−1)
√

α

(

e
2
√

βχ
√

α −1

)

χ

(

e
2
√

β
√

α −1

) ; if α >> u.

Otherwise, Eq. 7 can be solved numerically. To derive the characteristic634

reaction term, i.e., the right-hand side in Eq. 7, the solution for the normalized635

concentration, u(χ), is implemented in the reaction term. Then, the reaction636
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rate depending on the radial coordinate can be obtained. Note, in the case of637

α << u, the reaction term is equal to β solely, without any radial dependency.638

The analytical solutions for the limiting cases (where α << u or α >> u)639

can be used to delineate the boundaries of the real solutions. As can be seen in640

Fig. 2b, at low β values, the solutions can be restricted to a relatively narrow641

range (∼ an order of magnitude) between the two analytical solutions (solid642

and dashed lines in Fig. 2b). This range increases as β increases. Up to β ≈ 10,643

the analytical and the full solution (solved numerically) show an excellent644

match. This suggests that analytical solutions for HR can be useful if β is rel-645

atively small (β < 10). However, the value of β is likely to vary strongly given646

the variation in the two main components that control soil HR: temperature647

and soil moisture (Extended Data Fig. 4a). Moreover, as we demonstrate in648

Fig. 2b, the assumption α >> u leads to a large difference with respect to the649

real solution when α is relatively small (the upper dashed line shows the ana-650

lytical solution for α = 0.1 [48, 49]). In contrast, for large α (the lower dashed651

line shows the analytical solution for α = 10), the analytical solution captures652

the numerical solution. However, such higher α values have no meaning for653

aerobic respiration, where Michaelis constant, Km, is always smaller than the654

saturated substrate concentration (i.e. it can be safely assumed that for aer-655

obic microbes, the apparent Km for respiration is smaller than the maximum656

O2 concentration observed at the soil-air interface).657

4.5 Global databases and climate projections658

To initialize the model parameters, we used a set of global gridded databases659

at a resolution of 0.25◦ and monthly time interval. Data came from remote660

sensing measurements (surface temperature, soil moisture, surface altitude and661

texture [28]), and by observation interpolation (dissolved organic carbon [30]).662

Based on these data sets, for each grid point we derived the following663

variables:664

• Surface temperature665

• Atmospheric oxygen concentration, based on the location’s altitude and666

temperature [47]667

• Dissolved oxygen concentration (C0), according to Henry’s law [47]668

• Oxygen diffusion coefficient in water (DO2), based on the ambient temper-669

ature [50]670

• Soil representative grain size (λc) [26]671

• Soil surface area (SSA) [51]672

• Soil saturation degree, and thus the resulting water patch characteristic size673

(Sc), and the number of patches (Nc).674

• Maximum reaction rate, Vm, for Michaelis–Menten kinetics, based on the675

ambient temperature [46, 48] and the soil surface area676

• Dissolved organic carbon concentration [30]677

Using these variables, Eqs. 1 - 3 were parameterized to each location on678

the global grid. In Extended Data Fig. 5, we present a schematic illustration679
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of the model methodology for deriving heterotrophic respiration.680

681

To predict future soil HR, we used climate projections from ten global circu-682

lation models from the Coupled Model Intercomparison Project Phase 6 [37].683

To maximize climate projection variability [52], we chose climate models that684

minimized the genealogy similarity between them [53]. We used the following685

models: ACCESS-CM2, EC-Earth3-Veg-LR, CNRM-CM6-1, NorESM2-MM,686

MPI-ESM1-2-LR, MIROC6, CanESM5, MIROC6, CMCC-CM2-SR5, CAMS-687

CSM1-0, and CESM2, and derived two variables: surface temperature and688

soil moisture in the upper portion of the soil column. The data were obtained689

with a monthly and 1◦ resolution from the worst-case greenhouse gas emission690

scenario (SSP5-8.5 [54]) covering the period between 2015 (used as a reference691

year to represent present climate conditions) and 2100. Our model was then692

used to compute soil HR for each grid cell for the entire period. We present693

results of the simulation summarized for four climate zones: Tropical (0◦ to694

23.5◦ N/S), Subtropical (23.5◦ to 40◦ N/S), Temperate (40◦ to 65◦ N/S),695

and Arctic (65◦ to 90◦ N/S). The evolution of soil HR for each of the climate696

models are presented in Extended Data Fig. 6.697

Data availability698

The raw data, datasets and computer codes to support all the results and699

analysis of this study have been deposited in the GitHub repository GitHub700

repository.701
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Extended Data Fig. 1: (a) Example of a single realization of the invasion–
percolation algorithm (λc = 0.2 mm). The colour bar represents the soil
saturation degree (θ̃) when each water cluster was invaded; blue are the first
and red are the last invaded clusters. (b) Air (white) and water (blue) distri-
bution in the soil matrix (soil grains in grey) for θ̃ = 0.4 from the same run
of the invasion–percolation algorithm as in (a). The magnified inset shows the
formation of small water patches, which are held by capillary forces.

Extended Data Table 1: Parameters for the two-dimensional pore-
scale simulations of Fig. 2a.
Parameters that depended on temperature (i.e, diffusion coefficients (Di),
Henry’s constant (kH) and maximum reaction rate (Vm)) were calculated based
on 25 ◦C.

Parameter Units Value Description Source

DO2(g) m2 s−1 1.9× 10−5 Atmospheric oxygen diffusion coefficient [57]

DCO2(g) m2 s−1 1.4× 10−5 Atmospheric carbon dioxide diffusion coefficient [57]

DO2(aq) m2 s−1 2.5× 10−9 Dissolved oxygen diffusion coefficient [57]

DCO2(aq) m2 s−1 2.1× 10−9 Dissolved carbon dioxide diffusion coefficient [57]

DDOC(aq) m2 s−1 4.5× 10−10 Dissolved organic carbon diffusion coefficient [58]

kH mol L−1 atm−1 0.0013 Henry’s law constant

C0O2(g) mol m−3 10 Representative atmospheric oxygen concentration

C0O2(aq) mol m−3 1.32 Dissolved oxygen concentration at the gas–liquid interface

C0DOC mg L−1 30 ±(10) Dissolved organic carbon concentration at the soil grain perimeter [30]

Vm mol m−2 s−1 6× 10−12 Maximum (surface) reaction rate [48, 49]

Km(s) mol m−3 1 ±0.025 Michaelis constant for dissolved organic carbon [48, 49]

Km(O2) mol m−3 0.1 ±(0.05) Michaelis constant for oxygen [59]
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Extended Data Fig. 2: (a) Number and (b) characteristic size of water
patches from the pore-scale simulations (Fig. 2a) for different grain sizes (leg-
end). The solid lines in a and b represent Eq. 2 and Eq. 3, respectively. (c)
Experimental measures of drainage in microfluidic chips of different grain sizes
(legend) and the comparison with the scaling law of Eq. 3 (dashed lines). The
vertical error bars show the standard deviation between three replicates. (d)
A snapshot from the drainage process inside the microfluidic chip, at θ̃ = 0.5
(λc = 0.15 mm); water in blue and air in grey. Based on these images, we
extracted the water patch properties (i.e., Sc and Nc).
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Extended Data Fig. 3: Observations (dots) of soil heterotrophic respiration
as a function of (a) soil saturation [55, 56] and (b) ambient temperature
[24, 25] conditions, and the predictions of our model (solid lines), based on the
reported soil texture, saturation degree and ambient temperature; dissolved
organic carbon concentration was assumed to be at saturated conditions (i.e.,

Cs

Cs+Km(s)
→ 1 in Eq. 5, Methods). (c) Model predictions plotted against field

observations [27] of soil heterotrophic respiration, at different climatic locations
(colour bar indicates the latitude). The respiration rate was normalized based
on the reported soil depth (thus, in units of gC m−1 yr−1).
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Extended Data Fig. 4: (a) Two-dimensional contour surface (colour scale)
based on the model (Methods Eqs. 1 - 3) of log10(β) as a function of the
surface temperature (T ) and soil saturation (θ̃). Note that for this particular
example, the global mean grain size (0.3 mm) was used to parameterize λc,
and dissolved organic carbon concentration was assumed to be at saturated
conditions (i.e., Cs

Cs+Km(s)
→ 1 in Eq. 5, Methods). (b) Global map of the

annual mean β values (year 2021); colour bar on logarithmic scale (log10(β)).
(c) Probability density function of logarithmic β values based on the global
map in b; the overall mean value of β is ∼ 400 (dashed red line).
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Extended Data Fig. 5:
Schematic illustration of the model methodology to derive estimates of het-
erotrophic respiration from climatic and soil data.
(1) Based on the altitude (h) and the ambient temperature (T ), the ambient
pressure is determined via the ideal gas law.
(2) Soil relative saturation degree (θ̃) is calculated using the soil moisture (θ)
at the topsoil layer and the porosity (φ), θ̃ = θ/φ.
(3): The dissolved oxygen diffusion coefficient (DO2 [cm2 s−1]) in water is
evaluated using an empirical relation with the ambient temperature (T ) [50]:
log10(DO2) = −4.41 + (773.8/T )− (506/T )2.
(4) Dissolved oxygen concentration is calculated using the ambient pressure
(1) and Henry’s law solubility parameter (kH [mol kg−1 bar−1]). [47].

(5) Within the Michaelis–Menten kinetic [46, 48], Vm
Cs

Cs+Km(s)

CO2

CO2
+Km(O2)

,

the value of Cs is evaluated based on a dissolved organic database [30]. The
maximum reaction rate is given by Vm = αs exp(−Ea/(RT )); where R is the
universal gas constant, T is the surface temperature, and αs and Ea are the
pre-exponential factor and activation energy of the enzymatic reaction, respec-
tively. In the model, the value of the pre-exponential factor, αs, is proportional
to the soil surface area (SSA). Therefore, Vm, in the upscaled model, is a func-
tion of the surface temperature and the soil texture (i.e., surface area).
(6) The water patch characteristic properties, namely number (Nc, Eq. 3) and
size (Sc, Eq. 2) are evaluated based on the characteristic grain size (λc) and
the soil saturation degree (θ̃).
(7) By combining the results from (3), (5) and (6), Eq. 1 can be solved (see
main text).
(8) Based on the water patch properties in the system, Eqs. 2 and 3 can be
solved to characterize the spatial distribution of water at different saturation
conditions.
(9) By multiplying the solution of (7), i.e., the heterotrophic respiration rate
for a single water patch, by the number of patches in the domain (8), we can
obtain the heterotrophic respiration rate from the soil matrix (of length scale
L).
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Extended Data Fig. 6: Projected changes in soil HR (ratio relative to
the reference year of 2015) through the 21st century estimated using climate
projections from 10 different climate models. Symbol colours represent different
climate zones.
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